Introduction {#sec1-1}
============

Since normal hearing is a necessary condition for the spontaneous acquisition of oral ability and cognitive development ^[@ref1]^, hearing loss detection should be performed at the earliest possible age in order to provide timely interventions such as hearing aids or cochlear implants. In 2007, the Joint Committee on Infant Hearing (JCIH) recommended action as of 6 months, when treating congenital hearing loss in infants, in order to promote cognitive and linguistic development (2007 position statement). However, obtaining precise and objective hearing information in very young children, especially at mid-to-low frequencies, is still a challenging task. Conventional pure tone audiometry (PTA) remains a crucial test to describe the degree of hearing loss in subjects who are able to respond and cooperate; behavioural audiometry and/or visual reinforcement audiometry can be used when evaluating younger children ^[@ref2]^, while electrophysiological tests such as auditory brainstem responses (ABRs) are still the gold standard in very young and non-cooperating children. However, in recent years, an increasing number of clinical studies have examined the role of the auditory steady-state response (ASSR) for estimating hearing thresholds. ASSR are scalp-recorded potentials elicited by continuous amplitude and/or frequency-modulated tones ^[@ref3]^. These can be recorded by using two stimulation techniques: single frequency and multifrequency stimulation ^[@ref4]^. The application of ASSR has been studied in normal and hearing-impaired adults, children and infants ^[@ref5]^, and several advantages of this objective procedure have already been reported. In particular, the stimulus seems to be more frequency range-specific, compared to clicks-evoked ABR ^[@ref8]^, and the measurement can provide hearing information even for individuals with profound hearing loss (\> 90 dB) ^[@ref9]^. Some authors have investigated the correlation between ASSR threshold prediction and hearing level determined by standard audiometry ^[@ref10]^. However experimental evidence in this area remains limited, especially in very young children affected by sensorineural hearing loss.

The aim of the present study is to verify, in a population of young children, the reliability of ASSR in: (i) identifying hearing threshold levels and (ii) predicting hearing threshold levels in very young children particularly at mid-to-low frequencies.

Materials and methods {#sec1-2}
=====================

Retrospective study. Forty-two children (22 males and 20 females), for a total of 83 ears tested, were included in this study: 41 children were affected by bilateral sensorineural hearing loss and 1 child by monolateral sensorineural hearing loss. Depending on age and time of audiological assessment, subjects were divided into two groups: we included 22 children, 43 ears (*group A*) born between November 2007 and May 2012, and 20 subjects, 40 ears (*group B*) born between October 1995 and August 2006. In group A, ASSR was carried out when subjects were between 3 and 121 months (mean age 27.22 months). In group B, ASSR was performed in older subjects, between 86 and 189 months (mean age 133.75 months). Pure tone audiometry was performed between 22 months and 131 months (median age 47.86) within group A, and between 86 and 189 months (median age 138.25 months) within group B. Therefore, the average time-interval between investigation by ASSR and pure tone audiometry was 22.41 months for group A and 4.37 months for group B.

All clinical charts were reviewed and data were collected retrospectively. Informed consent was obtained from all participants' parents, at the time of the first audiological investigation, according to current Italian law, and the search was carried out in compliance with the Helsinki Declaration.

Both groups were affected by moderate to severe sensorineural hearing loss (thresholds ≥ 40 dB HL according to a click-ABR assessment). Inclusion criteria were: normal ENT clinical findings, transient otoacoustic emissions (TEOAEs) failure and ABR threshold ≥ 40 dB HL in at least one ear. All patients underwent TEOAEs, ABR, ASSR, behavioural audiometry and pure tone audiometry (PTA), the latter performed later according to the child's mental and physical development. Subjects were included in group B based on the same criteria, but were older than those of group A at the time of audiological assessment: it was then possible to perform ASSR and PTA on the same session or in close temporal sequence. All investigations were performed at the ENT & Audiology Department of the University Hospital of Ferrara.

TEOAEs were recorded using an AccuScreen device (Otometrics, Madsen). The clicks in the stimulus train followed a non- linear protocol and the click frequency was 60 Hz. The stimulus level was set between 70-90 dB SPL. The automatic evaluation was based on the determination of the weighted average of the noise-level and the number of significant signal peaks. In all examined ears TEOAEs recorded failure.

ABR and ASSR responses were recorded by ICS Chartr (GN Otometrics, Mercury, Italy). ASSR responses were registered at single carrier frequencies (500, 1000, 2000, 4000 Hz) using pure tone frequency with 25% modulation and by 100% amplitude modulation. ASSR values were detected To a 5% error-margin. The amplification used for better detection of the signal was 200 k.

Carrier frequencies were 500, 1000, 2000 and 4000 Hz, and were modulated respectively at 97, 81, 95 and 88 Hz for the right ear and 95, 79, 94 and 85 Hz for the left ear. Signals were filtered using a high pass filter of 65 Hz, and a low pass filter of 105 Hz. Signal/noise average ratio was + 2 dB across all measurements. At each frequency the time limit for signal detection was set at 3 minutes. ABR were obtained by using transient clicks (0.1 msec with alternating polarity). ABR and ASSR were recorded in spontaneously sleeping subjects using silver chloride cup electrodes, with the active and reference electrodes applied to the vertex and the mastoid, respectively. ABR and ASSR threshold identification were performed by decreasing steps of 10 dB SPL starting from the maximum intensity of stimulation (90 dB HL). For both techniques, threshold detection was identified as the minimum intensity level that could allow the identification of a clear electrophysiological response by the operator; each run was replicated at or near threshold.

PTA was performed by placing the child in a soundproof room, as soon as he/she was able to provide reliable responses. It was performed using headphones to assess air conduction and a bone vibrator for bone conduction; the better ear was evaluated first (sound-proof cabin model E2X2, roll 01008 220V 10A; Mercury, Milan, Italy; Amplaid audiometer, Amplaid, Milan, Italy, calibrated to ISO 9001 standards). The examination was conducted by an experienced audiometric technician or an experienced technician and an audiologist. The intensity of the acoustic signal was progressively reduced, using 5dB steps, to assess the threshold level, frequency by frequency ^[@ref14]^.

Statistical analysis {#sec2-1}
--------------------

The data collected were examined using the program SPSS, version Windows Base System (SPSS Inc., Chicago, IL, USA); The strength of association between the variables was quantified by Pearson's correlation test. To evaluate the differences between subpopulations we used the non-parametric Wilkoxon's test for pairwise comparisons and Mann Whitney's test for independent samples. The results were considered statistically significant for p-values \< 0.05 (\*).

Results {#sec1-3}
=======

Twenty-two children (43 ears) were included in group A and 20 children (40 ears) in group B; risk factors for congenital hearing loss were identified in 25 cases (59.5%), 12 in group A (54.5%) and 13 in group B (65%), according to Joint Committee on Infant Hearing (JCIH 2007) criteria ([Table I](#table001){ref-type="table"}).

In [Table II](#table002){ref-type="table"}, we report the average hearing threshold levels identified by ASSR, ABR and PTA within both groups with the respective standard deviations (frequency range = 0.5, 1, 2 and 4 kHz). Groups A and B showed overlapping threshold profiles for PTA and ASSR ([Fig. 1](#fig001){ref-type="fig"}). Comparison of the threshold levels identified at the different frequencies tested by pure tone audiometry and ABR revealed a significant difference among the two groups only at 2 and 4 kHz (independent samples Mann Whitney U test, p \< 0.05).

Nonetheless, in order to evaluate the reliability of ASSR, we calculated the differences, in decibels, between the thresholds obtained by PTA and ASSR (see also [Table III](#table003){ref-type="table"}). These data were obtained by subtracting threshold levels obtained by ASSR and PTA at each frequency (0.5, 1, 2 and 4 kHz). The average differences between the values obtained are shown as mean ± standard deviation in [Table III](#table003){ref-type="table"}. This method has been applied for both groups. In particular, negative values indicate that the ASSR overestimates the threshold level, while positive values indicate that the ASSR underestimates the threshold level; where the values were close to 0, the two methods did not show differences in threshold estimation. For each group and for each frequency we checked for significant differenceS (p \< 0.05) among threshold levels, identified by PTA and ASSR, using a nonparametric test (Wilcoxon Matched-Pair Signed-Rank test). There were no statistically-significant differences between groups of patients (group A vs. group B) using a Mann Whitney test except at 4 kHz. Moreover, in group A no statistically significant differences were found between the threshold levels obtained by the two methods. Additionally, there was no statistical significance at 0.5 kHz or 1 kHz among group B subjects, while a significant difference was found at 2 and 4 kHz ([Table III](#table003){ref-type="table"}).

Our analysis revealed that the two methods are substantially equivalent and reliable in determining the hearing threshold and that the correlation between the two methods is greater for low and mid frequencies.

The degree of correlation between threshold levels, obtained by PTA and ASSR, was also studied applying Pearson's test for both groups. As reported in [Figure 2](#fig002){ref-type="fig"}, there is a strong and positive correlation at all frequencies investigated, in particular at 0.5 and 4 kHz (those with more data available). In particular, this relationship was significant (p \< 0.001) in both groups at 0.5 kHz (Pearson = 0.9 (p \< 0.001) group B; 0.61 (p \< 0.001) group A) and at 4 kHz (Pearson = 0.86 (p \< 0.001) group B; 0.81 (p \< 0.001) group A). Also, the threshold levels obtained by ABR and by ASSR were compared using Pearson's test for both groups: the correlation coefficient was 0.63 and 0.74 (p \< 0.001) at 2 and 4 kHz among group A, and was 0.60 and 0.56 (p \< 0.001) in group B.

Discussion {#sec1-4}
==========

Congenital hearing loss has been reported to be the most prevalent human communication disorder worldwide ^[@ref15]^. The early identification of hearing loss, through universal neonatal hearing screening programs, and therefore the objective hearing threshold assessment, are crucial to reduce the development of linguistic and cognitive impairment ^[@ref16][@ref17]^.

Currently, ABR is still considered the gold standard for prediction of hearing threshold in very young and non-cooperative children ^[@ref18]^. Nonetheless, it is difficult to ascertain precise and objective information about hearing thresholds in very young children and at certain frequency ranges ^[@ref21]^. Other objective methods tested for the evaluation of mid-low frequencies include the use of tone pip ABR, CE-Chirps and Low-Chirp BERA (LCBERA); very recently, Frank et al. reported that LC-BERA appears to possess a high degree of accuracy in detecting threshold values at low frequencies in their experience with 25 adults with normal hearing. In addition, CE-Chirps have been reported to offer good signal-to-noise ratio when testing mid-low frequencies. However, most of the studies available in the literature so far report experiments on young adults or newborns with normal hearing ^[@ref22]^.

In recent years, an increasing number of clinical studies have examined the role of ASSR ^[@ref3][@ref20][@ref27]^. ASSR offers evoked potentials that can explore both ears simultaneously across several frequencies (range 250 to 8000 Hz), including middle-to-low frequencies ^[@ref7][@ref9][@ref31]^; in the present study, 4 cases with uncertain ABR responses showed a better hearing threshold definition by ASSR testing.

Correlation between threshold levels identified by ABR, ASSR and PTA have already been investigated in children with normal hearing ^[@ref31]^, while the experiences available in those affected by hearing loss are still very limited ^[@ref20][@ref34]^. Only a few studies have already demonstrated a good correlation between threshold levels identified by ASSR and ABR ^[@ref18][@ref19]^; Lin ^[@ref35]^ showed a high correlation between ASSR and ABR estimates at 4 kHz; Swanepoel et al. found a correlation between ABR and ASSR for frequencies between 2 and 4 kHz in normal hearing patients or with conductive hearing loss, and between 1 and 4 kHz in those with sensorineural hearing loss ^[@ref2]^. Also, the relation between ASSR and subject protocols (i.e. play audiometry and/or visual reinforcement audiometry) seems to be reliable ^[@ref36][@ref37]^; however, some authors showed differences in threshold levels at 0.5 kHz and 2 kHz ^[@ref18][@ref19][@ref32][@ref38]^, while estimates for higher frequencies (2-4 kHz) seem to be more reliable ^[@ref39][@ref40]^. When comparing ASSR threshold levels with tonal audiometry, the correlation was found to be reliable at 0.5 kHz and 2 kHz, but was only confirmed in adult subjects ^[@ref3][@ref11][@ref41][@ref42]^.

In the present study, we investigated the relationship between ABR and ASSR threshold level estimates and PTA hearing thresholds in children. Our findings reveal slight differences in threshold levels at 2 and 4 kHz when comparing PTA to ABR, and when comparing PTA to ASSR, among the groups studied. Furthermore, when considering subjects in group A, there was no significant difference between the ASSR and ABR thresholds detected when the children were very young, and the PTA thresholds subsequently identified, later in time, within the same group of children. We also were able to report, for the first time, a reliable correlation between threshold estimations at low frequencies (0.5 kHz) in young children. In previously reported experiments, this correlation was not clear; several authors (i.e. Savio, 1997 and Lins, 1996) argued that this evaluation was difficult probably due to poor neural synchronisation at this frequency, or to a masking effect produced by background noise.

As for small (10 dB) threshold differences between ASSR and PTA at 2 and 4 kHz among group B subjects, we believe this may represent a genuine difference in sensitivity between the two methods in detecting the hearing threshold, since: (i) other authors have already indicated this difference at 2 and 4 kHz ^[@ref2]^ and (ii) in our experiments, both procedures were performed within this group within a limited time-lag and under the same test conditions. Therefore, ASSR can be used to predict hearing thresholds even in younger children and particularly at mid-to-low frequencies.

A drawback of this study is the absence of tympanometric data: since it is a retrospective study, tympanometry was not available for all cases. Indeed, it is possible that part of the threshold difference between ASSR and PTA at 2 and 4 kHz among group B subjects could also be due to the presence of middle ear effusion (certainly frequent during infancy) at the time of ASSR testing. The presence of middle ear effusion might have some influence on the fact that differences were noted across different frequencies, as also described by other authors ^[@ref48]^. The same consideration could apply for the differences in threshold levels at 2 and 4 kHz in-between PTA and ABR. Finally, the tests used herein (ASSR vs. PTA vs. ABR) were performed in different sessions, and therefore in possibly different middle ear conditions.

Conclusions {#sec1-5}
===========

In conclusion, in light of the present study, ASSR can be considered to be an effective and reliable procedure particularly to predict hearing threshold in children at different ages, and even at lower frequencies (including 0.5 kHz). Furthermore, in our opinion, ASSR can be particularly useful in order to: (i) confirm hearing threshold when performed together with other hearing tests (i.e. ABR and/or otoacoustic emissions) ; (ii) to predict hearing threshold also at lower frequencies (including 0.5 kHz) especially in younger and non-collaborative children; (iii) to facilitate procedures for the fitting of hearing-aids, particularly focusing on mid-to-low frequencies in very young children.

![Groups A and B, showed overall overlapping threshold profiles using pure tone audiometry and ASSR; the average time-interval between audiological tests was 22.41 months for subjects in group A and 4.37 months for group B.](aoi-2018-04-361-g001){#fig001}

![Degree of correlation between threshold levels, obtained at 0.5 and 4 kHz, by PTA and ASSR, as well as those obtained by ABR and by ASSR, applying Pearson's test for both groups (ABR threshold was obtained using a broadband click).](aoi-2018-04-361-g002){#fig002}

###### 

Risk factors for congenital hearing loss across the group of children studied.

  Risk factors (JCIH 2007)                 Group A (22 subjects)   Group B (20 subjects)
  ---------------------------------------- ----------------------- -----------------------
  Family history of hearing loss           1                       5
  In-utero infections                      1                       0
  Craniofacial anomalies                   1                       3
  Syndromes associated with hearing loss   4                       1
  Neonatal intensive care \>5 days         2                       2
  Prematurity \< 37 weeks                  2                       2
  Hyperbilirubinaemia                      1                       0
  *Total*                                  12                      13

###### 

Hearing threshold levels identified by ASSR, ABR and pure tone audiometry within groups A and B, across all the tested frequencies (0.25, 0.5, 1, 2 and 4 kHz).

                       assr500   assr1k   assr2k   assr4k   aud500   aud1k    aud2k    aud4k   abr
  ------------ ------- --------- -------- -------- -------- -------- -------- -------- ------- ------
  GROUP B      N       32        14       14       28       40       37       37       39      33
  Min-Max      20-90   35-105    40-100   40-95    10-110   15-105   10-105   15-110   20-90   
  Mean         48.1    65.7      75.7     70.9     44.9     53.9     61.7     62.2     61,2    
  St dev       22.2    21.1      18.1     15.4     26.1     25.8     23.0     25.0     17.6    
  U test sig           0.49      0.65     0.04\*   0,03\*   0,05     0,19     0,52     0,60    0,36
  GROUP A      N       38        17       12       30       43       43       43       43      40
  Min-Max      25-85   35-100    40-95    20-100   15-80    15-100   15-110   15-115   20-85   
  Mean         49.3    63.0      61.7     63.5     49.8     60.7     66.3     65.9     59.1    
  St. dev      16.8    21.6      13.5     13.1     14.7     19.1     19.2     23.2     13.1    
                                                                                               
  Total        N       70        31       26       58       82       80       80       82      73
  Mean         48.8    64.2      69.2     67.1     46.6     57.6     64.2     64.1     60,1    
  St. Dev      19.3    21.1      17.3     14.6     20.0     22.5     21.0     24.0     15,2    

###### 

Differences, in decibels, between the threshold levels obtained by the pure tone audiometry and by ASSR, in groups A and B, at the tested frequencies (0.25, 0.5, 1, 2 and 4 kHz).

  ----------------------------------------------------------------------------------------------
                        Difference   250 Hz      500 Hz      1 kHz       2 kHz         4 kHz
  --------------------- ------------ ----------- ----------- ----------- ------------- ---------
  GROUP B               N            2           32          13          14            28

  Range                 -25:-10      -20:+25     -20:+15     -30:+5      -35:+15       

  Mean                  -17.5        -2.2        -5.4        -8.6        -11.2         

  St dev                10.6         10.7        11.4        10.6        11.2          

  W (sig)\              \--          (0.18ns)    (0.10ns)    (0.01\*)    (0.00\*\*)    
  assr vs aud                                                                          

  U Mann Whitney sig\                0.80 ns     0.40 ns     0.43 ns     0.21 ns       0.002\*
  Cases vs controls                                                                    

  GROUP A               N            3           38          17          12            30

  Min-Max               -30:-15      -20:+30     -20:+25     -25:+20     -35:+20       

  Mean                  -21.7        0.9         -1.8        -0.8        -1.5          

  St. dev               7.6          13.6        12.4        14.6        11.7          

  W (sig)\              \--          (0.76 ns)   (0.51ns)    (0.79 ns)   (0.56 ns)     
  assr vs aud                                                                          

                                     250         500         1           2             4

  TOTAL                 N            5           70          30          26            58

  Mean                  -20          -0.5        -3.3        -5.0        -6.2          

  St. Dev               7.9          12.4        11.9        13.0        12.4          

  W (sig)               0.03\*       (0.53 ns)   (0.11 ns)   (0.04 \*)   (0.00 \*\*)   
  ----------------------------------------------------------------------------------------------
